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ABSTRACT 


Results of an experimental program to measure the per- 
formance of a compressor stator cascade consisting of 20 
DCA blades of chord 5.01 inches, aspect ratio 2.0 and solid- 
ity 1.67 under conditions of varying incidence angle and 
Reynolds number are reported. Flow quality and blade per- 
formance data were obtained using pneumatic probe surveys 
and surface pressure measurements. Changes in Reynolds 
number in the range of 500,000 to 770,000 did not measurably 
effect either flow quality or blade performance. Changes 
in incidence angle over the range -15 to 10 degrees produced 


generally well behaved blade performance parameters. 
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fe oo UC PEON 


The on and off-design blade element performance of, and 
flow through a double-circular-arce (DCA) compressor cascade 
is being examined in a large subsonic cascade wind tunnel. 
Tests are to be made subsequently of a controlled-diffusion 
(CD) cascade configuration designed to replace it as the 
midspan section of the stator of an axial transonic compressor. 

Previous phases of the work involving tests with the 
present DCA blading were reported by Cina [Ref. 1] and Molloy 
[Ref. 2]. Cina's test results were considered to be prelim- 
inary because the cascade flow was found not to be periodic 
from one blade passage to the next, but was periodic from 
blade pair to blade pair. As a result of Cina's work, a 
modification to the inlet guide vane (IGV) assembly was made, 
decreasing the space between vanes from 2 inches to 1 inch. 
Molloy set out to repeat Cina's experiments, but encountered 
IGV blade flutter (which resulted in some blade damage) when 
adjusting the vanes with the cascade running. Facility modi- 
fications were made which included first the installation 
of plenum chamber turning vanes. This reduced the large 
scale flow fluctuations which had prevented the use of tufts 
to determine the cause of the flutter problem. Also, the 
vane actuating mechanism was stiffened and new cascade oper- 


ating procedures were adopted. Following these improvements, 
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the immediate test objective was to document flow quality 

and the performance of the reference DCA cascade. Added 
features of the test program were to investigate the possible 
effects of Reynolds number and to determine the degree of 
repeatability of test data from run to run and also from 
cascade build to build. Additionally, an improvement of 

the analysis required to derive blade force coefficients 

from probe survey data was attempted. In the absence of 

wall suction, side wall boundary layer thickening from inlet 
to outlet measurement planes causes the control volume to 
take on a three-dimensional character. An attempt was made 
to account for the additional pressure-area terms on the 
control volume surfaces which accompany the streamtube con- 
traction by using the Axial Velocity Density Ratio (AVDR) 

and an assumed linear distribution of static pressure acting 
on the streamtube walls. Details of this analysis are pre- 
sented in Appendix C. 

The following report documents a program of 20 tests 
carried out using the DCA cascade following the facility 
improvements. Results are given and are discussed, partic- 
ularly from the viewpoint of flow quality and test repeat- 
ability. Details of the results are summarized in figures, 
tables and appendices. Appendix A contains flow quality 
documentation, Appendix B, a description of experimental 
data storage and Appendix C, a discussion of blade force 


coefficient analysis. 
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A. HIGH REYNOLDS NUMBER CASCADE 
1. Wind Tunnel 
A schematic of the test facility as originally 
configured is shown in Fig. 1. A complete description is 
given in [Ref. 3]. 
2. Plenum Modifications 
The plenum chamber (located in the basement of the 
cascade building) has undergone successive modifications 
to provide acceptably uniform inlet conditions measured at 
the inlet guide vane station. Modifications conducted by 
Bartocci [Ref. 4] and Moebius [Ref. 5] were superceded by 
those of McGuire [Ref. 6]. McGuire's modification es the 
plenum is illustrated in Fig. 2. McGuire's plenum modifi- 
cation was in place for all tests reported herein. 
3. Cascade North Wall Composition 
A plexiglass north wall used during cascade tests 
enabled McGuire to conduct a concurrent flow visualization 
experiment. The regular steel wall was used for two of the 
twenty test runs. 
4. Inlet Guide Vane Assembly 
The inlet guide vane assembly was the same as that 


used by Molloy, with vanes at one inch spacing. 
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5. Test Section 
Views of the cascade test section are shown in Fig. 
3a, Fig. 3b, and Fig. 4. Fig. 3a shows the cascade test 
section with the plexiglass wall installed and the DCA blade 
row in place. Fig. 3b shows the test section with the steel 
wall in place. Fig. 4 illustrates instrumentation placement 


and physical dimensions. 


B. INSTRUMENTATION 
wa ouEvey, Probes 
Two United Sensor Corporation five-hole probes were 
used for surveys at the upper and lower planes. A 
DC-125-24-F-22-CD probe, serial number A981-2 was used at 
the upper plane and a DA-125 probe, serial A847-1 was used 
at the lower plane. 
2. Reference Probes 
Plenum chamber reference total pressure was sensed 
using a pressure tube suspended in the plenum. Reference 
static pressure was sensed using a static port located on 
the lower portion of the cascade south wall. Redundancy 
of reference pressures was provided by a standard pitot- 
static probe located approximately 2 inches from the entrance 
to the blade row at midspan and aligned with the inlet flow. 
3. Wall Pressure Taps 
Two rows of static pressure taps were located on 


the cascade south wall 16.25 inches ahead and 6.5 inches 
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behind mid-chord. Twenty taps per row spaced two inches 
apart in the blade-to-blade direction, each connected to 
a water manometer board, allowed visual inspection of the 
inlet and outlet static pressure distributions. 

4. Acquisition and Reduction System 

Data was acquired, reduced and plotted using a 

modified Hewlett Packard HP-3052A Data Acquisition System 
[Ref. 7]. Two 48-port Scanivalves connected to a HP-9845A 
desktop computer via a NPS/TPL HG-78K Scanivalve Controller 
and a HP-98034A HP-IB Interface Bus allowed all probe and 
reference pressures to use a single transducer. Blade sur- 
face pressures were sensed by the second Scanivalve transducer. 
The desktop computer acted as the system controller and used 
acquisition, reduction and plotting software programs docu- 
mented in [Ref. 8]. 


3. Measurement Uncertainty 


Table I summarizes measurement uncertainties. 
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IIIf. EXPERIMENTAL PROCEDURES 


A. GENERAL 
1. Flow Quality 

Flow uniformity, periodicity, and pseudo two- 
dimensionality criteria (which implies that area change is 
permitted) must be satisfied before any calculated cascade 
performance parameters can be considered meaningful. These 
Flow quality criteria are discussed extensively in [{Ref. 9], 
[Ref. 10] and [Ref. 11]. 

Uniformity generally describes the degree of con- 
stancy of measured values in the blade-to-blade and spanwise 
directions at the inlet plane and in the spanwise direction 
at the outlet plane. Periodicity is indicated by a corre- 
spondence of measured values from one blade space to the 
next at the outlet plane. The pseudo two-dimensionality 
condition is met when the integrated blade surface pressure 
distribution gives a blade force vector coincident with the 
blade force vector calculated using the principle of conser- 
vation of momentum. 

2. Flow Geometry 

Definition of geometrical parameters describing flow 
through a cascade are given in Fig. 5. Angle measurements 
were taken from a vertical reference line, clockwise being 


positive. 
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3. Reference Quantities 
To remove time dependency of inlet dynamic pressure 
caused by atmospheric fluctuations and variations in blower 
speeé, each pressure measurement was referenced to plenum 
conditions, a procedure validated earlier by Duval [Ref. 11]. 
4. Performance Parameters 
Cascade performance parameters were calculated 
using the formulas listed in Table II. Note that the effect 
of AVDR on loss coefficient, static pressure rise coefficient, 
diffusion factor and blade force coefficient derived from 


momentum conservation was accounted for in each expression. 


DeeeeereCctIYIC TEST PROCEDURES 
1. Probe Calibration 
Prior to testing, both United Sensor five-hole probes 
were calibrated ina free jet flow. The calibration was 
represented using Zebner's analytical procedure [Ref. 12] 
and computer software developed by Neuhoff [Ref. 13]. 
2. Test Section Setup and Adjustment 
Tests were conducted at constant stagger angle while 
varying only air inlet angle and velocity magnitude. To 
set an inlet condition, before starting the cascade the lower 
end walls were set to the desired inlet air angle with end 
wall spacings set to 1.5 inches (one-half blade space). The 
IGVs were set to deliver the desired inlet air angle follow- 


ing a schedule established in preliminary tests conducted 
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without test blades. Finally, upper end walls were posi- 
tioned approximately. The cascade was started and the upper 
end wall angles were fine-tuned to give a uniform static 
pressure distribution at the outlet plane. A check of the 
inlet air angle was made with the lower probe placed at mid- 
span in the center of the blade-to-blade traverse. If 
adjustment of the IGVs was required, the cascade was first 
shut down, the IGVs were readjusted, the cascade was restarted 
and the inlet air angle was checked again after the cascade 
had stabilized at the inlet dynamic pressure required for 
the test. 
3. Test Measurements 
a. Blade-to-Blade Survey 

Blade-to-blade surveys were conducted using the 
upper and lower probes simultaneously. Both probes were 
located at midspan with the lower probe trailing the upper 
by two inches. Measurements were recorded over four adjacent 
blade spaces located in the center portion of the cascade 
test section. The two innermost blade spaces bracketed the 
center blade which was instrumented with 39 pressure taps. 
Survey points were spaced 0.25 inches apart over the outer- 


most spaces and at 0.125 inches over the two innermost spaces. 


tonlet gurde vanestlintter similar to that reported by 
Molloy [Ref. 2] reoccurred while adjusting the IGV assembly 
at relatively high inlet dynamic pressure (about 17 inches 
of water). Thus it is essential not to adjust the inlet 
guide vanes while the cascade is operating. 
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Closely spaced survey points over two blade passages in- 
sured that one full blade wake would be surveyed with good 
spatial resolution. 
b. Spanwise Survey 
Two spanwise surveys were carried out to estab- 
lish the spanwise extent of uniform conditions. First, 
measurements were taken with the upper probe 1 inch from 
the suction side of the centermost blade and the lower probe 
1 inch from the pressure side of the centermost blade. Once 
the first spanwise traverse was complete, the upper probe 
was placed 1 inch from the pressure side, the lower placed 
1 inch from the suction side and the spanwise traverse was 
repeated. 
c. Instrumented Blade Pressure Distribution 
After completing the blade-to-blade and spanwise 
traverse, one or more sets of blade pressure distribution 


data were recorded. 
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IV. TEST CASCADE AND PROGRAM OF TESTS 


A. CASCADE CONFIGURATION 

Constant parameters for the cascade configuration are 
summarized in Table III. 

1. Blading 

Test blading consisted of twenty constant cross- 

section double circular arc (DCA) blades of aspect ratio 
2.0 and chord 5.01 inches. Coordinates for the test blades 
are given in Table IV. Three of the twenty blades were in- 
strumented with static pressure taps at midspan in order 
to provide measurements of blade static pressure distribution. 
The center blade contained 39 pressure taps while each adja- 
cent blade had 6 taps. Adjacent blade instrumentation pro- 
vided a measure of the uniformity of pressure distribution 
from one blade to the next. Pressure tap locations for the 
center instrumented blade are illustrated in Fig. 6. Fig. 7 


shows a photo of the center instrumented blade. 


B. TEST PARAMETERS 
The results of 20 tests are reported for which the test 
parameters are summarized in Table V. 
1. Incidence Angle 
Seven test values of incidence angle were chosen. 


Five of the seven angles were approximately those reported 


ae 





by Cina to allow a comparison to be made of corresponding 
data sets. 
2. Reynolds Number 
In order to investigate the possible dependence of 
cascade flow quality and performance on Reynolds number, 
each incidence angle was tested at at least two Reynolds 
numbers. The Reynolds number based on chord was varied be- 


tween 491,000 and 773,000. 
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V. RESULTS 


A. FLOW QUALITY 
Uniformity, periodicity and pseudo two-dimensionality 
were evaluated from data presented in Appendix A and are 


summarized in Tables VI and VII. 


B. CASCADE PERFORMANCE 
Cascade performance is summarized in Figs. 8 through 


13 and in Table VIII. 


Gee ceolt REPEATABILITY 

Run-to-run repeatability of cascade performance para- 
meters is indicated in Figs. 8 to 13 by double-headed solid 
arrows. The arrow indicates the observed range of the appli- 
cable cascade performance parameter. Tunnel build-to-build 
repeatability was investigated at the design incidence angle 
of 2.2 degrees. Double-headed broken arrows indicate build- 


to-build repeatability. 
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A. FLOW QUALITY 
fe. Unaetormuty 

As seen in Table VI, the dynamic pressure, static 
pressure, total pressure and non-dimensional velocity were 
acceptably uniform over at least twenty percent of blade 
span at the inlet and outlet planes, and over the entire 
twelve inch blade-to-blade traverse at the inlet plane. 

Inlet and outlet air angle were acceptably uniform 
in the spanwise direction. Beta 1 was indicated to vary 
slightly in the blade-to-blade direction. The average total 
change in Beta 1 from beginning to end of a 12 inch blade- 
to-blade traverse was approximately one degree. Since ad- 
justment of the inlet guide vane assembly with the cascade 
running was prohibited, this variation was accepted. If 
the IGV mechanism was stiffened further to allow adjustment 
during cascade operation, strict uniformity of inlet air 
angle would probably be assured. 

ZZ ePermuodiucity 

With the exception of the most negative incidence 
angle of -12.5 degrees, good periodicity was obtained over 
the three centermost blades. Surface pressures from the 
left, center and right blades were in excellent agreement 


except at 1 = -12.5 degrees. Also, all flow parameters 
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measured at the outlet plane at midspan were closely periodic 
from one blade space to the next with the exception of the 
most negative incidence angle. 
3. Pseudo Two-Dimensionality 
Despite the revision which was made to the calculation 
o}e Cems (the blade force coefficient derived from probe survey 


data; Appendix C), agreement between Cry and Ce (the blade 


B’ 
force coefficient derived from surface pressure measurements) , 
was achieved in only about 50 percent of the tests (Table VII). 
The problem is thought to lie in the calculation of the axial 


component of C An order of magnitude comparison of the 


£M“ 
terms that make up the axial component Cem (Eqn. C. 14) re- 
vealed that the first two terms were of order 1.0, the third 
and fourth terms of order 10.0, and the fifth term of order 
0.01. The difference between the first two pairs of terms, 
however, were both less than order 1.0, with the pressure- 
area integrals contributing the most. Thus, the value of 
Cem was highly sensitive to small inaccuracies in the survey 
data and too coarse spacing of data points. The more satis- 
factory results obtained for the tangential components of 
C om can be explained because its evaluation does not involve 
pressure-area integration terms. 
4, Effect of North Wall Composition 

At one incidence angle the more rigid and slightly 

better-fitting steel wall was used. The resultant spanwise 


distribution of flow parameters was generally indistinguishable 
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from the distributions obtained when using the plexiglass 


wall. (See Figs. A.51 to A.76 and Figs. A.139 to A.144). 


B. CASCADE PERFORMANCE 
1. Effect of Reynolds Number 

Figs. 8 to 13, and Appendix A show that varying 
Reynolds number from approximately 500,000 to 770,000 had 
no measurable effect on the blading performance or on the 
cascade flow quality. This can probably be explained as 
being due to the controlling influence of a leading edge 
separation bubble on the suction side boundary layer transi- 
tion [{Ref. 6]. Conducting tests significantly above a pre- 
scribed threshold Reynolds number is therefore unnecessary 
for this blade set. It is noted that when operating at 
Reynolds numbers of 500,000, adjustment of the IGV assembly 
with the cascade running may be possible in the future after 


further stiffening of the actuating mechanism. 


C. TEST REPEATABILITY 

Run-to-run repeatability of cascade performance para- 
meters was satisfactory as was build-to-build repeatability. 
The total uncertainties in the measurements of AVDR, loss 
coefficient, deviation angle and static pressure rise co- 
efficient were about 0.01, 0.005, 0.4 degree, and 0.02 


respectively. 


2a] 





D. COMPARISON WITH CINA 

Figs. 8 through 13 each contain a broken line showing 
the results of Cina's DCA cascade tests. Differences be- 
tween the two data sets are apparent. Given a specific 
incidence angle, Cina reported a lower loss coefficient, 
deviation angle and AVDR, and higher static pressure rise 
coefficient. Three contributing factors can be cited. 
First, and most importantly, Cina operated with a different 
IGV assembly that did not deliver periodic conditions blade- 
passage to blade-passage. Secondly, he used a plenum which 
gave less stable, more turbulent supply conditions. Finally, 
the upper and lower traverse probes were carefully recalibrated 


after Cina completed his tests. 
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Nene. CON@HU Oo LON 


Based on an examination of experimental data the 
following conclusions are drawn. 

i. The cascade flow was satisfactorily uniform. 
Uniformity existed at the upper and lower planes over at 
least 20% of blade span near midspan and at the lower plane 
(midspan) in the blade-to-blade direction for all measured 
flow parameters at all tested inlet conditions. 

2. The cascade flow was satisfactorily periodic. 
Periodicity existed at the upper plane (midspan) in the 
blade-to-blade direction for all inlet conditions tested. 

or, The cascade flow was not shown consistently to be 
strictly pseudo two-dimensional. Accounting for streamtube 
contraction due to side wall boundary layer thickening from 
lower to upper measuring planes introduced additional small 
terms into the equation for the axial force component. How- 
ever, the calculation of the axial force is dominated by 
the difference between two pressure-area integrals of much 
greater magnitude. 

4. Cascade performance parameters were not measurably 
affected by varying Reynolds number in the range 500,000 
toe 770,000. 

sa Test conditions can be repeated within an acceptable 


uncertainty from run-to-run. Build-to-build conditions can 
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Va =_— mm, 











also be successfully repeated. 

Ou: Use of the plexiglass north wall instead of a steel 
wall had no measurable effect on the results. 

Hire Inlet guide vanes cannot be safely adjusted with 


the cascade operating. 
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VIII. RECOMMENDATIONS 


It is recommended that the following actions be 
considered. 

i The inlet guide vane assembly should be modified 
to allow adjustment of the IGVs while the cascade is running. 

2» Yaw balancing manometers should be inclined in order 
to provide the experimenter with better inlet and outlet 
air angle measurement sensitivity. 

Bis The motor driven yaw and spanwise positioning systems 
mounted on the upper traverse caused a significant bending 
moment to be placed on the probe blade-to-blade slide. No- 
ticeable wear of the upper traverse mechanism took place 
during the course of twenty test runs. Removal of the power 
yaw and span drives in favor of a lighter-weight mount similar 
to that at the lower plane is recommended. 

4. Provide ready data file transfer from the HP-9845A 
cassette tapes to the IBM 3033 computer so that advantage 
can be taken of the DISSPLA graphics capability available 


at the NPS Computer Center. 
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Fig. 3a. Cascade Test Section, Plexiglass Wall 
Installed 





Fig. 3b. Cascade Test Section, Steel Wall 
Installed 
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eer. 1. 


MEASUREMENT UNCERTAINTY 


























Item Description Method Uncertainty 
x Blade-to-blade displacement Position Bee) Le, 
x = Qin. West end potentiometer 
x = 60 in. East end 
z Spanwise displacement Position agra 0) Ea & 9 
z= Oin. North wall p otentiometer 
z= 10 in. South wall on probe mount 
By Inlet flow yaw angle Angle potenti- +.2 deg. 
ometer on probe 
mount (hand 
adjustment) 
3, Outlet flow yaw angle Angle potenti- =.5 deg. 
ometer on probe 
mount (motor 
driven adjustment) 
P len Plenum total pressure Tube in 201 in). eo 
plenum chamber gauge ~ 
V= 0 
B cotatic pressure at the Calibrated pneu- ted: ae H0 
test plane matic probe gauge 
P 2 Static pressure at Static tap on +02. im. REO 
me 0 in., y = -16.25 in., North wall gauge , 
Z 20 in. 
P TM Atmospheric pressure Mercury barometer 
y Pressure Scanivalve +; Ode ise 40 
transducer gauge 
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TABLE III. CASCADE CONFIGURATION PARAMETERS 


Constants 

Blade type DCA 
Number of blades Z0 
Spacing (inches) 3.0 
Solas ty tee 
Thickness (% chord) fe 0. 
Camber angle (degrees) AS 27 2 
Stagger angle (degrees) 14.27 
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TABLE V. VARIABLE TEST PARAMETERS 


Oo ~O 


Test By 1 Reynolds 
Number Number 
Oe ed) 2 IE ish, TTS 7, OOO 
2 38.68 1.55 ye, 000 
a5 38.34 eee moa, OOO 
4 38e09 1.76 491,000 
> 42.66 Deo 53,000 
6 43.13 Sere) (000 
7 45.92 ae 768,000 
8 45.89 8.76 493,000 
9 Bio 2 5) isidb 560,000 
10 Bo =. | 503,000 
11 27.90 -9.23 502,000 
12 21S -9.58 626,000 
b3 Soe 25 2.85 545,000 
14 Sona0 PAs | 676,000 
i5 So LG ZO a7 O00 
16 Bo Dae 604,000 
7 35 50 -1.59 643,000 
18 35.60 -~1.50 525,000 
£9 24.74 -12.39 peo, 000 
20 24.63 -12.50 GEL, 000 


*Note: Data from run number 3 not plotted 
because data set was judged to be 
too coarse. 
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TABLE VII. FLOW PERIODICITY AND PSEUDO TWO-DIMENSION- 
ALITY SUMMARY* 

Incidence Periodicity Pseudo Two-Dimensionality 

angle based on blade based on blade force coef- 

(degrees) Static pressures ficient diagrams 

Amagnitude(%) Adirection( =) 

~12.50 imperfect ae | 0.50) 

-12.39 imperfect Load 25.0° 

- 9.58 acceptable Ss 20 

eS, 23 good 41.3 Da) 

- 5.81 good Pica To 

~ 5.57 good 2000 355 

21.59 good DD sea. 2a 

- 1.50 good 16.5 2254 
Dey gcod ~ 4.6 25. 
2.23 good aaah D0 
5.99 good S07 7.0° 
5.54 good i sh AO 
8.79 good - 1.5° 
8.76 good -16.2 =om0 


*Note: Data from six additional runs at design incidence 


angle are not presented. 
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APPENDIX A 


A. FLOW QUALITY DOCUMENTATION 
im Unrctormity 
Uniformity of dynamic pressure (Q/Q), static pres- 
sure (APs/Q), total pressure (APt/Q), non dimensional. velocity 
ox), and Beta for spanwise surveys at the inlet and outlet 
planes and blade-to-blade surveys at the inlet plane at each 
test condition are shown in Figs. A.1l through A.105. Photo- 
graphs of upper and lower static pressure distributions for 
each incidence angle and Reynolds number comprise Figs. A.106 
mera. 119. 
fe 6Periodicity 
Periodicity of (0/0), (APs/Q), (APt/O), (X/X) and 
Beta for blade-to-blade surveys at the outlet plane and 
adjacent blade pressure distribution for each test condition 
are shown in Figs. A.120 through A.168. 
3. Pseudo Two-Dimensionality 
Blade force coefficients for each test condition 
are plotted in Figs. A.169 to A.182. 
4. Notation 
The parameters plotted in Figs. A.1 to A.105 and 


Figs. A.122 to A.154 are defined as follows: 


aU 





‘Parameter Meaning 
| 


0/0 local value of Q/0 ¢ 
APs/Q ee = P.») /0 
APt/O Cmen - Bo 
Ba X local value of xX/xX 
2 


"Barred" quantities apply to the specific measurement 
plane and are calculated over a prescribed integration in- 
terval--usually one blade space. 
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ava (upper plane) VS SPAN POSIT: 1 = -12.5 DEG 
SPANWISE TRAVERSE cl in. from suction stde) 
eRe = G6.1E5S +Re = §.3E5S 
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Fig. A.l 


APs/Q Cupper planed VS SPAN FOSIT: i = -12.5 DEG 
SPANNISE TRAVERSE (1 in. from suction side) 
Og = 6.1E5 +Re = 5.365 
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Apa (upper plane) VS SPAN POSIT: 1 = -12.5 DEG 
SPANNISE TRAVERSE (1 tn. from suction stde) 
HRe © 6.1E5 +Re = 5.3E5 
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Big, A.3 


x/X. (upper plane) VS SPAN POSIT: i = -12.5 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
*Re = 6.165 +Re = 5.3£5 
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BETRE VS SPAN POSIT: 1 # 
SPANWISE TRAVERSE (1 tn. 
Re ® 6.1E5 +Re = 5.3E5 
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“12.5 DEG 
from suction side) 
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qd (lower plane) VS SPAN POSIT: 1 = -12.5 DEG 
SPANNISE TRAVERSE (1 tn. from suction side) 
*Re = 6.1E5 +Re = §S.3E5 
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Fig. A.6 
Neer) (iedicawpitine 5 VS SPAN POSIT: i = -12.5 DEG 


SPANWNISE TRAVERSE (1 in. from suction side) 
#Re = 6.1E5 +Re = 5.365 
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A PtsQ (lower plane) VS SPAN POSIT: 1 = -12.5 DEG 
SPANNISE TRAVERSE (i in. fram suction side) 
ae = §6.1E5 +Re = §.3E5 
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Fig. A.8 
X/X (lower plane) VS SPAN POSIT: i = -12.5 DEG 


SPANNISE TRAVERSE (1 in. from suction side) 
#Re = 6.165 +Re = $.3E5 
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BETA! VS SPAN POSIT: { # -12.5 DEG 
SPRHWISE TRAVERSE (1 itn. from suction side) 
“Re * 6.1E5 +Re = 5.3E5 
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Q/G > (lower olaned VS BIOB POSIT: 1 = -12.5 DEG 
BLADE TO BLADE TRAVERSE imtdspan) 
the “WatES +Re = $.3E5 
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Fig. A.ll 


APs/Q (lower plane) VS ETOB POSIT: 1 = -12.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
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A Pt/Q (lower plane) VS BTOB POSIT: 1 = -12.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
ae *® 6.1&5 +Re #= 5.3E5 
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Fig. A.13 


X/X (lower plane) VS BTOB POSIT: i = -12.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
#Re = 6.165 +Re = 5.365 








BETA! VS BIOB POSIT: 1 = -!2.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
*Ee * 6.,1ES +Re = §.3E5 
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Qa (upper plane) VS SPAN POSIT: | = -9.5 DEG 
SPANHISE TRAVERSE (1 in. from suction side) 
*Re = 6.3E5 +Re = 5.0E5 
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Fig. A.16 


APs’Q - (upper plane) VS SPAN POSIT: ¢ -9.5 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
Se = 6.3E5 +Re = 5.0E5 
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e————— ee —— 
Aptyva : (upper plane) VS SPHN POSIT: 1 = -9.5 DEG 
SPANWISE TRAVERSE (1 tn. from suction side) 
eRe -“ 6.365 +Re = 5.0€5 
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Fig. A.18 
X/X (upper plane) VS SPAN POSIT: i = -9.5 DEG 


SPANHISE TRAVERSE (1 in. from suction side) 
#Re = 6.3E5 +Re = §.0E5 
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Beis vo or ANerOsIT: + « -3.5 DEG 


SPANWISE TRAVERSE (1 tn. 
ane = 6.385 +Re = 5.0€5 


-3 


== 


Fig. A.20 
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from suction side) 
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avd (tower plane) VS SPAN POSIT: 1 @= -9.S DEG 
SPANWISE TRAVERSE (tl in. from suction side) 
*Re = 6.365 +Re = §5.0€5 
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Fig. A.21 


APs/Q (lower plane) VS SPAN POSIT: i = -9.5 DEG 
SPANWISE TRAVERSE (lo tn. from suction sice) 
#Re = 6.3E5 +Re = 5.QES 
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APt7Q (lower plane) VS SPAN POSIT: 1 = -9.5 DEG 
SPRNWISE TRAVERSE (1 in. from suctton side) 
a «= §6.3€5 +Re = $.Q0E5 
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Bie. A.23 


X/X Clower plane) VS SPAN POSIT: i = -93.5 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
#Re = 6.3E5 +Re = 5.G8E5 
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BETA! VS SPAN POSIT: 1 = -9.5 DEG | 
SPANNISE TRAVERSE cl in. from suction side) 


gh “9 6.3E5 +Re = 5.0E5 
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Fig. A.25 
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avd (lower plane) VS BIOB POSIT: 
BLADE TO BLADE TRAVERSE (midspan) 
*Re © 6.3E5 +Re = 5.0ES 





Fig. A.26 


APs/Q (lower plane) VS BTOB POSIT: i = -9.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
ae = 6.3E5 +Re = 5.@£5 








Apa Slower plane) VS BTOB POSIT: 1 © -9.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
eRe =6.3E5 +Re = 5.0E5 


x/X Clower plane) VS BTOB POSIT: i =9'.9°, DEG 
BLADE TO BLADE TRAVERSE (midspan) 
*#Re = 6.3E5 +Re = §.2E£5 
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BETA! VS BTOB POSIT: { # -9.5 DEG 
BLADE TO BLADE TPAVERSE (midspan) 
Ee = Gee) —-tRe = 5 O65 
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Qa tupper plane) VS SPAN POSIT: 1 # -5.6 DEG 
SPANWISE TRAVERSE Cl in. from suction side) 
#Re = 5.565 +Re = §.0E5 








APs/Q Cupper plane) VS SPAN POSIT: i = -5.6 
SPANWISE TRAVERSE (1 in. from suction side) 
#Re =S.6E5 +Re = 5.8ES 











APtg (upper plane) VS SPAN POSIT: 1 = -5,.6 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
*Re = S.6E5 +Re = 5.0E5 
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XX (upper plane) VS SPAN POSIT: i = -5.6 DEG 
SPANNISE TRAVERSE (1 in. from suction side) 
¥Re = 5.6E5 +Re = 5.GE5 
















BETAS VS SPAN POSIT: 1 = -§.6 DEG 
SPANNISE TRAVERSE (1 in. from suction side) 
*Re = 5.6€5 +Re = §.0€5 





78 








ava (lower plane) VS SPAN POSIT: ( © -5.6 DEG 
SPRANWISE TRAVERSE (1 tn. from suctton side) 
#Re = 5.565 +Re = 5.0E5 
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Fig. A.36 


a 
APs/Q (lower plane) VS SPAN POSIT: + = -5.6 DEG 
SPRNWISE TRAVERSE (1 in. from suction side) 
*Re = S.6E5 +Re = 5.GE5 












APt/Q (lower plane) VS SPAN POSIT; t = -5.6 DEG 
SPANWNISE TRAVERSE (Cl in. from suction side) 
#Re e® 5.6€5 +Re = 5.0E5 
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Fig. A.38 


x7X (lower plane) VS SPAN POSIT: i = -5.6 DEG 
SPANWNISE TRAVERSE (!l in. from suction side) 
*Re = 5.6E5 +Re = 5.065 
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BETAL VS SPAN POSIT: { @ -§5.6 DEG 
SPANWISE TRAVERSE (1 tn. from suction side) 
“lac e S.6E5 +Re = 5.0€5 
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ava (lower plane) VS BTIOB POSIT: 1 = -5.6 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
#Re = 5.565 +Re = 5.0€5 
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Fig. A.41 


A Ps/Q (lower plane) VS BTOB POSIT: i = -5.6 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
#Re = 5.6ES +Re = 5.QE5 
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Fig. A.42 
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A Pt7Q (lower olane) VS BIOQB POSIT: 1 * -5.6 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
ala “3.565 +e = 5.065 
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Fig. A.43 


x/X (lower plane) VS BTOB POSIT: i = -5.6 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
*Re = 5.665 +Re = 5.065 











Beta! VS BOB POSIT: «t = -5.68 DEG 


BLADE TO BLADE TRAVERSE (midspan) 
*Re e 53.565 +Re = S.0ES 
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oe) (upper plane) VS SPAN POSIT: 1 © -1.5 DEG 
SPANNRISE TRAVERSE (2! in. from suction side) 
*Re = 6.4E5 +Re = 5S.2ES 
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Fig. A.46 


Aps7G (upper plane) VS SPAN POSIT: i = -1.5 DEG 
SPANNISE TRAVERSE (1 in. from suction side) 
(Re = 6.4E5 +Re = 5.2E5 
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APtQ -- Cupper plane) VS SPAN POSIT: t = -1.5 DEG 
SPANWISE TRAVERSE Cl tn. from suction side) 
mise *6.4E€5 +Re = 5.2E5 
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Fig. A.48 


x/K (upper plane) VS SPAN POSIT: i = -1.5 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
#Re = 6.465 +Re = 5.265 
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BETA2 VS SPAN POSIT: 1 #@ -!.5 DEG 
SPRNWISE TRAVERSE (1 in. from suction side) 
wi) » 6.4—£€5 +Re = 5.2€5 
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QvQ_ + Clower plane) VS SPAN POSIT: 1 = -1.5 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
#Re = 6.465 +Re = 5.265 








APs/Q (lower plane) VS SPAN POSIT: i = -1.5 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
*Re = 6.4E5 +Re = 5.2E5 
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Fig. A.52 88 








APt-a (lower plane) VS SPAN FOSIT: 1 = -1.5 DEG 
SPANWISE TRAVERSE (1 tn. from suction side) 
HRe = 6.4ES5 +Re = 5.265 


N 
INCHES 


Fig. A.53 


X/X Clower plane) VS SPAN POSIT: i = -1.5 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
*Re = 6.465 +Re = S.2E5 
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BETA! VS SPAN POSIT: 1{§ # -1.5 BEG 
SPANWISE TRAVERSE il in. from suction side) 
*Re = 6.465 +Re = §.2E5 
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avg (lower plana) VS BTOB FOSIT: + = -1.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
eRe = 6.465 +Re = 5.265 





Fig. A.56 






Ps/Q (lower plane) VS BTOB POSIT: i = -1.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
#Re = 6.4E5 +Re = 5.265 
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APtsa (lower plane) VS 8TOB POSIT: 1 = ~1.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
#Re «= 6.4€5 +Re = 5.2E5 
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Fig. A.58 


X7X (lower plane) VS BTIOB POSIT: i = -1.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
#Re = 6.4€5 +Re = 5.265 
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Fig. A.59 
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BETA! VS BTOB POSIT: 1 = -1.5 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
*Re ®# 6.49E€5 +Re = 5.cE5 





Fig. A.60 
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Qo (upper plane) VS SPAN POSIT: 1 = 2.2 DEG 
SPANWISE TRAVERSE (1 in. from suction sitde) 
eRe#b.7ESCplexiglass wall) +Re#tb. OES (steel wall), 
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Fig. A.61 


APs/Q (upper plane) VS SPAN POSIT: i = 2.2 DEG 
SPRANWISE TRAVERSE Cl in. from suction side) 
¥Ren6.7ES (plexiglass wall) +Re=6.QGES5(steel wall) 












ec apeeelisneD VSISFAN POSIT: (| = 2.2 BEC 
SPANWISE TRAVERSE (1 in. from suction stde) 
#Res6.7ES (plexiglass wall) +Re=6.0ES(steel wall) 
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Fig. A.63 


xX (upper plane) VS SPAN POSIT: i = 2.2 DEG 
SPernloe URhVERSE (Cl im. from Suction side.) 
*#Rem6.7ES (plexiglass wall) +Re=6.GES(Csteel wall) 
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BETA2 VS SPAN POSIT: {| # 2.2 DEG | 
SPANWISE TRAVERSE (1 in. from suction side) 
wRee6.7EStplexigiass wall) +Re=6.0ES5 (steel wall) 
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arg Clower plane) VS SPAN POSIT: i © 2.2 DEG 
SPANNISE TRAVERSE (1 in. from suction side?) 
#Re=6.7ES (plexiglass wall) +Re=s6.0ES5S(stee! wall) 
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Fig. A.66 

Aps/d (lower plane) VS SPAN POSIT: 1 = 2.2 DEG 


SPANWISE TRAVERSE (1 in. from suction side) 
¥Re=6.7ES (plexiglass wall) +Re=6.GE5(steel wall) 
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APt7a (lower plane) VS SPAN POSIT: 1 = 2.2 DEG | 
SPANWISE TRAVERSE (I tn. from suction side) 
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BRSSGS CES Cp liexig lass wall) +Re#6.0ES(steel wall) 
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X/X Clower plane) VS SPAN POSIT: i = 2.2 DEG 
SPANWISE TRAVERSE (1! in. from suction side) 
#Re=6.7ES (plexiglass wall) +Re=6.8ES(steel wall) 
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BETAI VS SPAN POSIT: 1 # 2.2 DEG 
SFANWISE TRAVERSE (to in. from suctton side) 
nRea6. (ES (plexiglass wall) +Res6.0E5 (steel wall) 
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ava (lower plsne) VS BIOB POSIT: 1 2 
BLADE TO BLADE TRAVERSE (midspan) 
eReeG.-ES(plerxiglass wall) +Re#6.0ES(steel wall) 
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A Ps/Q (lower plane) VS BTOB POSIT: i = 2.2 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
¥Re=6.7ES (plexiglass wall) +Re=6.@E5(€steal wall) 
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Pt/a (lower plane) VS BTOB POSIT: 1 © 2.2 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
ee: evtpiion igises wall) +Ree6.0ES(steel wall) 
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Fig. A.73 


x7x (lower plane) VS BTOB POSIT: i = 2.2 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
#Re=6.7ES (plexiglass wall) +Re=6.0E5(steel wall) 








Beal VS STOR POSIT: 1 = 2.2 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
HRen6 TEa(plexiglass wall) +RE96.0E5(stee!l wall) 
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| ava (upper plane) VS SPAN POSIT: 1 = 5.6 DEG | 


SPANWISE TFAVERSE tl tn. from suctton side) 
*Re = 7.,7E5 +Re = 5.2&5 
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APs/Q (upper plane) VS SPAN POSIT: i = 5.6 DEG 
SPANWISE TRAVERSE (1 in. from suctian side) 
HRe = 7.7E5 +Re = S.2E5 ; 
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| Apt aq (upper plane) VS SPAN FOSIT: 1 = 5.6 DEG | 


SPANWISE TRAVERSE it tn. from Suction side) 
ogee *#® 7.7E5 +Re = 5S.2E5 
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Fig. A./8 





x/X% Cupper plane) VS SPAN POSIT: i = 5.6 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
*#Re = 7.7E5S +Re = §.2E5 
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BETA] VS SPAN FOSIT: {i = 5.6 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
#Re e® 7,7ES5 +Re = S.2E5 
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Fig. A.80 
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ava (lower plane) VS SPAN POSIT: 1 = 5.6 DEG 
SPANWISE TRAVERSE (1 in. from suction side) 
*Re = 7. °ES +Re = §.2E5 
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Fig. A.81 


APs/Q (lower plane) VS SPAN POSIT: i = 5.6 DEG 
SPANNISE TRAVERSE (1 in. from suction side?) 
#Re = 7.765 +Re = 5.265 
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SPANWISE 


Clower plane) VS SPAN POSIT: 
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= S.& DEG 


TRAVERSE (1 in. from suction side) 


#Re e Y.7E5 +Re = 5.265 


Fig. A.83 
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lower plane) VS SPAN POSIT: 


1 





so20 DEG 


TRAVERSE (1 in. from suction side) 
#Re = 7.7E5 +Re = 5.2E5 : 


Gy, 
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BETA! VS. SFAN POSIT: 
SPANWNISE TRAVERSE (1 


1 « §.6 DEG 
in. from suction side) 


¥Re eS /.ves the = 32265 
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ava (lower plane) VS BTIOB POSIT: 1 # 5.6 DEG 
BLADE TO BLADE TRAVERSE ‘tmidspan) 
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APs/Q (upper plane) VS BTOB POSIT: i = -5.6 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
HRe = 5.665 +Re = 5.QE5 





Fig. Avi3l 


134 





APt/Q (upper plane) VS BIOB POSIT: 1 # -5.6 DEG | 
BLADE TO BLADE TRAVERSE (midspan) 


eis = 5.665 +Re = §.0E5 


et et oor amen ted "| 


v INCHES 





Fig. A.132 


X/X (upper plane) VS BTOB POSIT: i = -5.S DEG 
BLADE TO BLADE TRAVERSE Shela pe 
#Re = 5.6E£5 +Re = 5.GE5 





ie) 
} 


i ? v INCHES 
ie oAe 3S 








BETReE VS BTOB POSIT: 1 =» -§.6 DEG 
BLADE TO BLADE TRAVERSE (midspan) 
ane #® 5.5€5 +Re #= §.0E5 





Fig. A.134 


136 





ava (upper plane) VS BIOB POSIT: 1 @ -1.5 DEG 
BLADE TO BLADE TRAVERSE (mitdspan) 
*Re = 6.465 +Re = 5.265 


1.4 





-3 

7 
-5 
~3 


T Tweses 
Pe oA 35 
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BLADE TO BLADE TRAVERSE (midspan) 
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Xx/X (upper plane) VS BIOB POSIT: i = 5.6 DEG 
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APt/Q (upper plane) VS BTOB POSIT: 1 = 8.8 DEG 
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Cp VS x/c: 

Re = 500,000 

R = Right Adjacent Blade 
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APPENDIX B 


A. STORAGE OF EXPERIMENTAL DATA 
ime oborage Devices 
a. Cassette Tape 
All raw and reduced data acquired during the 
Current study via the HP-3052A acquisition system were stored 
on cassette tape. Table B.1 summarizes the raw data file- 
names according to inlet air angle and cassette tape number. 
Tapes were filed with the Director, Turbopropulsion Laboratory, 
Naval Postgraduate School, Monterey, Ca. 
b. File Naming Scheme 
All files were named using a six character alpha- 

numeric code that allowed the investigator to immediately 
identify stored data in any file and on what date it was 
recorded. Here is how the code works. 

lst character: Indicates the type of traverse conducted 
("B"lade-to blade, "S"panwise or "I"nstrumented blade data). 

2nd character: Indicates the "state" of the data set 
(ra"W", xre"D"uced or "F"inal). 

3rd character: Indicates which probe was involved in 
taking the data set, either "U"pper or "L"ower. No letter 
here means that the probes acquired data simultaneously. 

4th, 5th and 6th characters: These numbers indicate 


the julian date in 1983 that the test run was conducted. 
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For example, a file containing data from a raw blade-to- 
blade survey using the upper probe conducted on January 15, 
1983 would be named BWU015. When upper and lower probes 

were traversed together the "U"pper or "L"ower character 

was dropped and the entire julian date filled the remaining 
four spaces. For example, if the upper and lower probes 

were both traversed in the blade-to-blade direction on cane 
uary 15, 1983, the resultant raw data filename would be named 
BW3015. 

Sometimes, in order to completely describe a 
reduced data file, parts of the julian date had to be sacri- 
ficed. Raw data from a spanwise survey of the upper probe 
One inch from the suction side of the centermost instrumented 
blade conducted on February 1, 1983 would be named SWSU32 
("S"panwise, ra"W", 1 inch from "S"uction side, "U"pper probe, 
julian date 30"32"). It should be noted that when spanwise 
surveys were conducted, both probes moved together. To pre- 
clude interference of the lower probe wake with the upper 
probe measurements, the upper probe was place 1 inch from 
the suction side, and the lower probe was placed 1 inch from 
the pressure side of the center blade. The composite data 
file was named with the upper probe in mind, however, even 
though the lower probe was stationed at a different blade- 
to-blade position. For example, a raw spanwise survey named 


SWS077 would show that the upper probe was 1 inch from the 


var 





suction side of the center blade, while the lower probe was 
1 inch from the pressure side. 

Some specialized filenames reflect the type of 
data stored. Referencing constants calculated for a test 
conducted on February 15, 1983 would be named RCO46A or 
RCO46B where the "A" would mean that the referencing constants 
were calculated using the plenum total pressure and the lower 
wall static pressure as reference total and static pressures. 
"B" would indicate that the reference total and static pres- 
sures were supplied by the pitot-static probe. 

2. Thesis Logbook 
A chronological log of the present study with notes 
and printouts of all data files was deposited with the Director, 


Turbopropulsion Laboratory. 


B. PROBE CALIBRATION DATA 

A folder documenting the calibration of United Sensor 
probes serial number 847-1 and 981-2 was filed with the 
Laboratory Manager, Turbopropulsion Laboratory. Non-dimensional 
velocity (X) and pitch angle (PHI) calibration files for 
both probes appear on each data storage cassette tape. Their 
names reflect the file type and the applicable probe. For 
example, the pitch angle calibration file for the 981 probe 
is named "PHI981", the X velocity calibration file for the 


847 probe is named "X847", and so on. 
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TREBLE B.1. 
Raw Raw 
BTOB Spanwise 
Data Data 
BW3144 SwS144 
BW3143 SWS 143 
BW3123 SWS123 
SWP123 
BW3125 SWS125 
SWP125 
BW3119 SwS119 
SWP119 
BW3121 SwWS121 
SWP123 
BW3138 SWS138 
BW3139 SWS139 
BWU077 SWU077 
BWLO77 SWLO77 
BW3082 SW3082 
BW3097 SW3097 
BW3103 SW3103 
BW3127 SWS127 
SWP127 
BW3128 SwS128 
SWP128 
BW3129 SwWS129 
SWP129 
BW3133 SWS 133 
bw3109 sws 109 
swpld0g 
BW3110 SWS 110 
SWP110 
BW3114 SwWS114 
SWP114 
bw3114 swsll4 
swp1l14 
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RAW DATA STORAGE 


Raw 


Instrumented 
Blade Data 


IW3144 
IW3143 
IW3123 
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IwW3119 
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IW3138 
IW139B 
IWO77 


IW082B 
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IW127B 
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iw3109 
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iw3114 
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EFFECT OF AVDR ON THE AXIAL FORCE COEFFICIENT DERIVED 
FROM PROBE SURVEY DATA. 


The notation used in this section follows [Ref. 14] and 
[Ref. 15]. The application of the principle of momentum 
conservation to the control volume shown in Fig. C.1l results 
in the following expression for the resultant force on the 


control volume; 





A I 
> Rw, ty 4 Rw, ty (C=1) 
@ 
rf 
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C7 / 
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Figure C.1. Blade Space Control Volume 
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In the enlarged view of the edge of curved surface a, the 


unit outward normal vector, nos is given by the relation 


A : A 
N, = CoSXAy - SINK day 


“Aw 


and similarly, on surface b, ny, is given by 


(C-2) 


A A ; Ae 

me COSA SIR Ay (C-3) 
The elemental area "s" on the curved sidewall of the control 
volume can be expressed as the projection of an element of 


the base area dS, where 


dS = dx dy (c=4) 





Cos eh (C-5) 
Resolving the elemental force, dF , acting on the curved 
Sidewalls of the control volume into normal and sheer compo- 
nents gives 
a A rs 
dF = ~pnde - Ti da 
(C-6) 
Neglecting wall friction, tT , the tangential force becomes: 
Ru> J 9 6, Mu, dA, ~ { ie: 51 iar) a 
: 2 


and the axial force becomes: 


Rw, = Je 0 Va, dA, 7 J, aan . \# ”, 


- Sada § ty-48, J Aya, 


(C-7) 


(C-8) 


LS 





Using Eq. (C-2), Eq. (C-3), Eq. (C-5) and Eq. (C-6), 
Satyam = [4, -sp(coset-4y- Sindty)] dxdy 
= SP dx day 
and similarly, 
ha, dF, ‘ pe a4 (C-10) 


which represent additional axial force components due to 


(C=9,) 


pressure forces on the control volume side walls. 
Equation (C-7) is identical to Eq. (B-3) of [Ref. 1] which 
was derived for a strictly two-dimensional flow. Substitu- 


ron ae ri (C-9) ane ea aoe One - (C-8) yields, 
2 
= - R)dx - dx -2f de d 
Ry f e Va (AVR) de f Nace +) pave dx f Aor 2] pend dy 


which contains a fifth axial force term not included by Cina, 


(eI) 


and a modification of the first and third terms resulting 
from the effects of AVDR. 

Since the precise function p(y) is not known from 
station 1 to station 2, a linear change of pressure with 


y was assumed as depicted in Fig. C.2. 


oa 


Figure C.2. Assumed Pressure Function 


The fifth term of Eq. (C-11) can then be approximated as: 
ae ( dd P| en D ~ 2-2 : 
2 {-popdydx = - S (P cave-D+ [(B-.)]/ avoe It 
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Assuming that 


#,'S AVDR = J -p AVDR: dx 


(C-13) 
substitution of Eq. (C-13) and Eq. (C-12) into Eq. (C-11) 


yields, 


s ne S 
Rw? fe. Va. (AVDR) dx - J PVa, 4x ” Sp dx 
-{ -p,3K- | [ ee) [AvoR-I| Sf (0-14) 


Equation (C-14) was reduced to force coefficient form 
using procedures explained in [Ref. 1] and then incorporated 


into existing software documented in [Ref. 8]. 


7 





BO). 


fitol OF REPERENCES 


Cina, Frank S., Subsonic Cascade Wind Tunnel Tests 


Using a Compressor Configuration of DCA Blades, M. S. 
Thesis: Naval Postgraduate School, Monterey, Ca., 1981. 


Molloy, William D., Preliminary Measurements and Code 


Calculations of Flow Through a Cascade of DCA Blading 
eee co ore veet wor, MM. S. Thesis, Naval Postgraduate 


School, Monterey, Ca., 1982. 


Rose, Charles C., and Guttormson, Darold L., Installation 
and Test of a Rectilinear Cascade, M. S. Thesis, Naval 
Postgraduate School, Monterey, Ca., 1964. 


Bartocci, J. E., An investigation of the Flow Conditions 


at the Lower Measurement Plane, and in the Plenum Chamber 


Gamene mecttlinear Cascade Test Facility, M. S. Thesis, 
Naval Postgraduate School, Monterey, Ca., 1966. 


Moebius, Richard C., Analysis and Testing to Improve 


the Flow from the Plenum of a Subsonic Cascade Wind 
Tunnel, M. S. Thesis, Naval Postgraduate School, Monterey, 
@ae, 1980. 


McGuire, Alan G., Determination of Boundary Layer Transi- 
Etoneand Separation on Compressor Blades in a Large 


Subsonic Cascade, M. S. Thesis, Naval Postgraduate School, 
Monterey, Ca., 1983. 


3052A System Library (9845A), Hewlett Packard Company, 
Toro. 


Turbopropulsion Laboratory, Naval Postgraduate School, 
Technical Note 80-03 (revised), Data Aquisition Programs 
for the Subsonic Cascade Wind Tunnel, by D. A. Duval, 
1980 (revised by S. J. Himes, 1983). 


NASA Report SP-36, Aerodynamic Design of Axial Flow 
Compressors, edited by Irving A. Johnson and Robert 


A. Bullock, 1965. 


NASA Report 1016, Effect of Tunnel Configuration and 
Testing Technique on Cascade Performance, by John R. 


Erwin and James C. Emery, 1951. 


Mts) 








11. Duval, David A., Evaluation of a Subsonic Cascade Wind 


Tunnel for Compressor Blade Testing, M. S. Thesis, Naval 


Postgraduate School, Monterey, Ca., 1980. 


meee CONtractor Report, Procedure and Computer Program for 
Approximation of Data (with Application to Multiple 


Sensor Probes), by H. Zebner, August 1980. 


13. Turbopropulsion Laboratory, Naval Postgraduate School, 


TechnicalwNote 382=03, Computer Software for the Cali-~ 
bration of Pneumatic and Termperature Probes, by F. 


Neuhoff, September 1982. 


14. Vavra, Michael H., Aero-Thermodynamics and Flow in 


Turbomachines, Krieger, 1974. 


15. Class Notes, Aerothermodynamics and Design of Turbo- 


machines, R. P. Shreeve, Professor, October 1982. 


Ili, 





INITIAL DISTRIBUTION LIST 


No. 


Defense Technical Information Center 
Cameron 'Station 
Alexandria, VA 22314 


Library, Code 0142 
Naval Postgraduate School 
Monterey, CA 93940 


Department Chairman, Code 67 
Department of Aeronautics 
Naval Postgraduate School 
Monterey, CA 93940 


Director, Turbopropulsion Laboratory, Code 67Sf 
Department of Aeronautics 

Naval Postgraduate School 

Monterey, CA 93940 


Mr. George Derderian 
Naval Air Systems Command 
Code AIR-310E 

Department of the Navy 
Washington, D. C. 20360 


Dr. A. D. Wood 

Office of Naval Research 
Eastern/Central Regional Office 
666 Summer Street 

Boston, MA 02210 


Chief, Fan and Compressor Branch 
(Attn: Nelson Sanger) 

NASA Lewis Research Center 

Mail Stop 5-9 

21000 Brookpark Road 

Cleveland, OH 44135 


LCDR S. J. Himes, USN 
4681 Revere Road 
Virginia Beach, VA 23456 


Turbopropulsion Laboratory Code 67 


Naval Postgraduate School 
Monterey, CA 93940 


180 


Copies 


10 
































aod Wee a hit ded aro Oe ee : 
y ny ye is A te p> Be Yui ri 
PRUs TRL Prin 

i baat type ttt 
vei Peake 

TOT ESE a ei te oe 
( i hi J il am f 
$ 


f hi Wl et ft. ; 
i h 









be a i 
J OG ‘ ta 
Atay i iq? 7 ‘ 
aS t ; 7 ; q 
' a : + | 
‘ey 4 were | ib 
PRS hea 
Teese MN . tteteh cae 
Aetsd i uy bi iterie 
4 Sif tee ite? aked, TAMAR 
(0 Roe: a yarns , ti ale ti KS 
: ts pete nena He me ROB 
bet iba ¢ 360) PM a Ths 
r iy As b ie A { { 
pH () bas " ARr MAM GA me 
Rt F ue they oe (heat ies oe. ry 
F CaM x 7) { 
é ‘ y, $ wk at Mist 4 mi 
x + 5.2 aifat qin! ty} 
1 eV rity tet i fi 
44: ti .; a is ' 


—_- 


: ee Sn SR ee 

Hie en MH RA tC PE a 

r ot Get ihe KS ‘be x) ig (iis i ce hh 
DAVEE ENE Mom PER Ma tun ay mie 


if fF ser ogres eh ab . t 
WOT my Paattu tu} x 43, f « f of ¥ { y 
: $e a a) { i 


4 “pat 2 CO 
=a a & Sol aN? - Ra: 
Ma a fe ry a reo . 
SOT per nee Sy haere 
onan tee 
; : : 
=, ay na : « = 
ow" “4 = 


, 
j 3 bat ri 4s 
4 NiMae eT! te J AAa : 
; it LUE ev 
’ AEs CEN) Me CECE S A PEIN SES 
Me aUaatth Sand A pu 
iss it hia i ty J 
Wit We A HAN 
e i ree ta 
fi, 
: 
















aewey , 1 ; 
A Neal gh eee OO! rr oe i Ya 
i MOTTON TR MY Rare: NU aU NMA Dale Rn iy | 
, cay q TM or ¢ 5 Fyetret 4 F ipre - #) 
a BB ty ee Sai Ct ti Pegi Wie CPeg a hy 484 ME Fegeg risa} ¢ ' 
eRe if) Seite pel LOA hie VAoliau euler y be vty hd he f 
Vy a ) Ppa OP Ear chi 8d ‘bm iad t vf 
Pyaar tasty fh 
f ‘ \ “f uu v ig f§ 


RAGA red 

y ) | LY. | ’ t . 

eth ee eT ae ae rei 2 . 
UMMC eC coi try ‘ , 1 
eee it. f. Lt 
















(y 








2 oer e “ = a Se y 
am - yi > “4 at ans = =. rr + = ss. = = 
de Re = Tm A * an A a ~ on 
3 c 3 + ] 
=e “we ‘ : — ¢ 2S vir Ne ye 
=~ a Re : is r ni tet 4 J L > —ii > 
7 2 . pars a + mq = rs 
J Md is Se! A 2 : = - ie 7 Am Se —y bs Win 
rie a y ae re = " s = ; ype 5 —S = "2 as 
ae =; R ¢ “je a ee : R > Se a Me a ee eS Mee. 
a s : : a nape ; ee a ews J . ts bi 
- 5 < 5 s ie > - 5 ; 9 st an ' i. wo - 
- : - + * nie : = S = 
3 = == * FT ae R - an 3 <= ered Te all 1 ee 3 
; Q = r ~ Ee ~ ee re > 
“ . ‘ = “ i z ~ = wo me ra i 25 
-: ae e oe * = = a 
vs = os g 3 2 rm g ~ m7 Ra - e > 7 
x a = = = B ag Ne - j “+ - 7" 
- = ~ ws. = 3 ea 
oe ee me ee a “ - = ay ae “0 ? i} Sax aan, = 
: * = ~ = ne = = — + a 
am 
e. 
aS 
> 
~ 
tag 









t * } ifs .f ‘ . 
Je TAG dO MBL Ni US. Cir tiated te t Ho f 
ag ‘ u WATE ay el: pang y ‘ ‘As nf ; %, Cans 
Bhs feats \ AER 8) tes ne i Werte sane 1% y rf 5 Fi¢j f 
’ 4 " ag J AS i ' Dina { t ‘Bh ; 
{ ! Thule + oii n Pita reat a's yh ey 
. RY os Ste RA Cree Cay th ‘f if tu 
rf - af fi , J es Antity PEAS Ab, F f 3 Le. 
- " Pit 4 11% ‘ fi i 
\ 4 ik ty (Ge a7 | & 1 
‘dds h jt 
a Uatital iu genital ta 
t hd We | idee 4 ij 
: 194 A Fp uA Aye 
f - .¢{: = : > | t 
: ' Fs ip 4 f pty ey Pat | wits { matt bh 4 { rf 
J a Pas 04 4 bE PHRASE Spe deg de the gly, 
hails Aha tie yey belt aye ily 
oti AP crak ap El Ul h) 5 "Bt fea iT t 
WEES ae Fst hts he a hilt i 
mibéea F aot © 5 tb Mr; chit f j 
Seite Teg be Sot ds 4 
A pera Bayt id HEV OMU ¥ ih 
y Riel fi 4: 1 } 
‘ / € 1k ett 
aera e a} ye Tie FAs | 
A F 5 4 fi am ne NCAR i! Os Cle } ’ : . + 9) U0; 2 i f° 5 ‘iis F at } i r eet pa se Riu itis’ , ef 
ba J, 2 oP. fod of, 1 * y Cat tig a 1 441 A RA: re Pabst? HELE | ery , en fa k CeO eit: 


Vrs 
¢ a} ‘ff 
na 
Sgt 


34 F a i | pet ’ -&: ; re 4.\ : ‘ Avian i AW ie i sat Air, : } oF , ’ 4 iit 


£ Pty ae 
’ } cl By Are if % ; vO tea) wa OTe Aes eee eit oa Ht TP 4 ; then Pais Ry , aa ' ; : hewn 1 
i % in? s P y 2 . * wiO EY \ tA 4 § TO) ere ree : 4 : 
, 7 7 “ b Fy r Vatele, ; i 1 r My ; ry Wh , 4 7 Fe < ¥ . Ht e 7 ‘ ; 4 ' . ' f t r f 
Fig 13 } 4 ro ' One » j ? La 4 pt nl { f i el ae J | ee i 4 i rn 1 t ; k 
Peay, oo he A RF sf stg RUB TEL On ata ay: st ea tae) Mae ae an me Wiliam ee au unt 
P ral ve y 4 3 ' i 


i if ‘e 
A St : 
ses 
ACH ey 
} ae i 1 , 
Ni ‘ ; 







/ PW 
ei ae ee a . 
A y git \ 4 
Yul , f ” fh t 
1 fey f ik ity i! 
i pat ' | 74%) fA BA i Ri ' 
a A i Tae 1 ig Lite A} AA A 
\ i } f f +) il ND le | 4" 
' i f ¢ thy a Hi I Val fi 
[ i f oy i ; 
? “hs ri as in P 1 
hse U ny Bras 
: hee is A a ‘ 
' WaT i 
PSN AE 
A wy alate Wik h i i 
iy iY in ; ont if j A 


Dey 


_* 
— 


og 


4 D i ay oh i J if f ‘ eh ee. y ; i 

A ; 't¢ fel 4 ; ; +R f ’ Att i ¢ 1 ‘ E , A: 4% it a] 4 ny } ¥ Uh a i 

Z he “| } i rf ” ph ruthie Tha) mal A “ 4 ‘4 PLAY a4 y HA ALY al, 

whe eNOS at ; a i ti ) ; Th uh : aN bry: i ) . ‘ het 4 i 1B cat i 4 | 

¥ 9 ‘i r Oe 1; Hays) i if a7 fe, Ae: 4 xf ‘ 1h "4 ! $y he i] i rc Ae 

nb Ve fi) ! } i: 4! an ast Ms } b; f k lan. " 7 ( Site HIT fe a | at, a He | | 

§ : p rhs f, ’ 25) 8,1 Le if ai ie ) s sf ‘ i iS ots Li Wi ae pe ? : 
+ f ai 1 } Gay ) : ; ie ‘ (aig | UF i } ) ; cf! » | a“; he be 1 L é, b 1 
! q ‘ rh! is 


4d 4 \ % 4 ( spt be nyo F 
10 6 | o { J 1 a " i rf 4 he ya y i 
Lali S bat } 04 Se Pp Fi f ‘1 3 Yee wed L . b fie | sure AiG i 






ty 4 


Fa. 


_ rx 











a al : 
ay ; ; i) 5 1} : I : 
ped tyn 4) . ty "b> ss ~ os% i y q : : ae AG i ES) Bee _Ags ‘ ‘ i 
aS, tet ay! ‘ : ‘ , be j \ 1 4 i RY Or a " Ai i Peat v ar &, | j F y ay | “tH i i "a ; 
J oe ree of Ty > & 5 ib i 1 eed he ! " i 
1 e9+ } : ( ad ashi ' : A i+ , I . 
Agi Adm ADE TI Oe Pits L_Ceye i | sh 
¢ ACK ‘ ’; i ‘ Ae it? : Uta ‘i Cub let Nf A ’ Tee | : 
Pid, OU eA ' { ais OFF a Aat ty) : py 
ay un A iit i aay Fits} : Te eonnd's 
(UE Ae Cie cichis tom tacrine i etitery J Aw AY ee a Wid 
Aub; Oh PUEUR SLE LOS Ce ; att Ld 
i wh ty af ry Jie 4,02 “ J P [ ; Wi 
p 1 A a, Ape: idate ne f f ; L nf ra 
f f a4 3 vy ; i i | ; vt ety ui w ; 3 Tas! 
Ait EMH Ne, ‘ 
ay 4%. s tht hh ie arm cs Fie AL 
~ 4M AY IW re bs | i! : 
Has ' yee bee AR a or ile { i 
/ . [ (Ohta. ¥ x bia vA J; $ 
ue ih) "> ; AKU HY iis iy Be PUT eMiNy Cai AM 
} A hf ; ay +k 0 ' a ‘ } 
f ¥ U MY tr Odes at aif ea Att , ‘ i” A A é { 
yi AY TL ry eee oat {, PAR ALE ' Aine od Oh SM : Fi Ba 
ty ‘4 % ase CATGUSE LE £414) | eat at ' { wait 
‘ : f: bi Ate a a £34) ey c ‘ f wf i} fs if {! {| : 
Sth EAE LILA UY f, ay : 
A he > Abit (OH) ii F “ : p | Wee 7 5 ; 
Wy At) Taek {4 | ; ‘ Ht , ft h ‘ 
Vi AN ty vette ees ai. 
rid bP Tea: $7, Vee beer, | , A 
4.5 Ad | Vs k aS } i TAs f t ‘rf Oe my tht <4 4 i { 





eins ( petis 


